þ /À mice thyroids, leading to increased activity of the downstream mammalian target of rapamycin (mTOR)-p70S6K signalling and decreased activity of the forkhead family member FOXO3a. Consistently, cyclin D1 expression was increased. Apoptosis was decreased as indicated by increased expression of nuclear factor-jB (NF-jB) and decreased caspase-3 activity in the thyroids of TRb PV/PV Pten þ /À mice. Our results indicate that PTEN deficiency resulted in increased cell proliferation and survival in the thyroids of TRb PV/PV Pten þ /À mice. Altogether, our study provides direct evidence to indicate that in vivo, PTEN is a critical regulator in the follicular thyroid cancer progression and invasiveness.
Introduction
Thyroid cancer, the most common form of endocrine malignancy, has the fastest growing incidence of all cancers in the United States, especially among women. Thyroid cancers in humans consist of an array of different histological and biological types, but the majority of clinically important human thyroid cancers are papillary and follicular carcinomas (Schlumberger et al., 1998; Sherman et al., 1998) . The occurrence of follicular thyroid carcinoma is one of the major criteria used to define patients with Cowden syndrome (CS). CS is a genetically inherited disorder also characterized by an increased rate of cutaneous benign hamartomatous tumours and neoplasia in the endometrium and the mammary gland (Uppal et al., 2007) . Over 80% of kindred with CS have inactivating mutations of the tumour suppressor gene, PTEN (phosphatase and tensin homologue deleted from chromosome 10) Marsh et al., 1997) . Many studies using either primary tumour tissues or established tumour cell lines revealed high frequencies of PTEN somatic mutation or deletion in various human tumours, including breast, prostate and thyroid tumours Liaw et al., 1997; Nelen et al., 1997; Steck et al., 1997) , making Pten the second most frequently mutated human tumour suppressor gene next to TP53. Analysis of Pten deficiency in mice (Pten þ /À mice) has shown the tumour suppressor role of PTEN, in that Pten þ /À heterozygous mice develop neoplasias in multiple organs. Pten also plays a major role during embryonic development, as Pten À/À homozygous mice die in utero (Di Cristofano et al., 1998; Suzuki et al., 1998; Podsypanina et al., 1999) .
Pten encodes a lipid phosphatase that negatively regulates PI3K/AKT signalling by dephosphorylating phosphatidylinositol 3,4,5-phosphate at the 3 0 -position (Shepherd et al., 1997; Neri et al., 2002; Wymann and Marone, 2005) . A variety of biological effects have been attributed to PTEN deficiency that is relevant to its role as a tumour suppressor gene. However, despite many correlative data, it is not known how the deregulation of the PTEN signalling cascade leads to thyroid carcinoma (Eng, 2002) .
The creation of a mouse model of follicular thyroid cancer (TRb PV/PV mice) has provided a valuable tool to elucidate the molecular basis underlying thyroid carcinogenesis (Kaneshige et al., 2000; Ying et al., 2003) .
The TRb PV/PV mouse was created by a targeted mutation of the thyroid hormone b receptor (TRbPV) (Kaneshige et al., 2000) . The thyroid hormone receptor b mutant (referred to as PV) was identified in a patient (PV) with resistance to thyroid hormone (RTH) (Parrilla et al., 1991) . RTH is caused by mutations of the TRb gene and manifests symptoms as a result of decreased sensitivity to the thyroid hormone (T3) in target tissues (Yen, 2003) . PV has a C insertion at codon 448 that produces a frame shift in the C-terminal 14 amino acids of TRb1 (Parrilla et al., 1991) . PV has completely lost T3 binding and exhibits a potent dominant-negative activity (Meier et al., 1992) . As TRb PV/PV mice age, they spontaneously develop follicular thyroid carcinoma similar to human thyroid cancer with a pathological progression from hyperplasia to vascular invasion, capsular invasion, anaplasia and eventually metastasis (Kaneshige et al., 2000; Suzuki et al., 2002) .
To understand the roles of PTEN in thyroid carcinogenesis, we adopted the loss-of-function approach by crossing TRb PV/PV mice with Pten þ /À mice to generate TRb PV/PV mice deficient in one allele of the Pten gene (TRb PV/PV Pten þ /À mice) and evaluated the effect of PTEN deficiency on the spontaneous development of thyroid carcinogenesis. Mice lacking both alleles of the Pten gene are embryonic lethal and could not be studied. Here, we show that PTEN deficiency markedly increased cell proliferation and survival to promote thyroid tumour growth in TRb PV/PV mice. Strikingly, follicular thyroid cancer as well as distant metastases to the lung occurred much earlier and at a higher frequency in TRb PV/PV Pten þ /À mice than in TRb PV/PV mice. Our findings indicate that PTEN deficiency results in constitutive activation of the PI3K/AKT pathway to play a critical role in thyroid cancer progression and aggressiveness.
Results

PTEN deficiency promotes thyroid carcinogenesis in
TRb PV/PV mice To determine whether the loss of one Pten tumour suppressor gene could promote thyroid carcinogenesis, we generated TRb PV/PV Pten þ /À mice and compared their survival rates with those from TRb
Mice were monitored until they became moribund with signs of palpable tumour, rapid weight loss, hunched posture and laboured breathing. Analysis of the survival curves over a period of 15 months ( Figure 1A) indicates that TRb PV/PV Pten þ /À mice died at a significantly younger age (50% survival age: 5.5 months, n ¼ 33) than did either TRb PV/PV Pten þ / þ mice (50% survival age: 10.0 months, n ¼ 25) (Po0.01) or TRb þ / þ Pten þ /À mice (50% survival age: 14.1 months, n ¼ 33) (Po0.01). In moribund TRb PV/PV Pten þ /À and TRb PV/PV Pten þ / þ mice, the trachea was compressed due to the dramatic enlargement of the thyroid. In contrast, moribund TRb þ / þ Pten þ /À mice displayed normal-sized thyroid but showed a massive lymph node enlargement in the neck and axilla regions, splenomegaly and thymus enlargement, as described by others (Podsypanina et al., 1999) . No significant gender differences in the 50% survival age of TRb PV/PV Pten
and TRb PV/PV Pten þ /À mice were observed (Table 1 ). The thyroid weight was determined and expressed as the ratios of thyroid to body weight ( Figure 1B The effect of PTEN deficiency on thyroid tumour progression and invasiveness was evaluated by histopathological analysis. Figure 1C shows representative pathohistological features of the thyroids of TRb Figure 1Ca ; age: 7 months) that exhibit no apparent abnormalities. In the thyroid of TRb PV/PV Pten þ / þ mice at the age of 7 months, capsular invasion was apparent (Figure 1Cb 
Pten
þ /À mice at the same age. The pathohistological observations are summarized in Figure 1D . From 2 to 4 months of age, all TRb PV/PV Pten þ / þ mice and TRb PV/PV Pten þ /À mice displayed advanced thyroid hyperplasia (data not shown); however, the occurrence of capsular invasion in the thyroid was found in B40% of the TRb PV/PV Pten þ /À mice but in none of the TRb PV/PV Pten þ / þ mice at the same age ( Figure 1Da ). Vascular invasion developed in the thyroid at 5-7 months of age in both TRb PV/PV Pten (Figure 1Db ). It can be noted that thyroid anaplasia, which did not develop before 7 months of age in TRb PV/PV Pten
mice, occurred at a young age of 2-4 months in TRb (Figure 1Dc ). Moreover, in mice older than 7 months, a high B50% of TRb PV/PV Pten þ / þ mice developed anaplasia as compared with 10% occurrence in TRb (Figure 1Dc ). Importantly, metastatic lesions in the lung were detected only in TRb PV/PV Pten þ / þ mice older than 7 months, but they occurred at a much younger age of 2-4 months in TRb PV/PV Pten þ /À mice ( Figure 1Dd ). In mice older than 7 months, the occurrence of lung metastases was significantly more frequent in TRb Figure 1Dd ). These results indicate that thyroid tumours progress significantly faster in TRb
We further analysed whether there were gender differences in the pathological progression. Table 1 shows that female TRb PV/PV Pten þ / þ mice had a significant higher frequency in the development of vascular invasion than male TRb PV/PV Pten þ / þ mice. In both TRb PV/PV Pten þ /À and TRb PV/PV Pten þ / þ mice, the frequency of occurrence of metastasis was significantly higher in female mice than in male mice (Table 1) .
PTEN deficiency does not affect the extent of dysregulation of the pituitary-thyroid axis in TRb PV/PV mice We reported earlier that TRb PV/PV mice exhibit dysregulation of the pituitary-thyroid axis (Kaneshige et al., 2000) with elevated serum thyroid hormone and thyroid-stimulating hormone (TSH) levels. It is known that TSH is a major regulator of thyrocyte proliferation and its levels are regulated by the thyroid hormones (L-thyroxine, T4; 3,3 0 ,5-triodo-L-thyronine, T3) through a negative feedback loop (Rivas and Santisteban, 2003) . To evaluate whether TSH could contribute to the increased thyroid growth in TRb PV/PV Pten þ /À mice ( Figure 1B) , we compared serum total T4, total T3 and TSH between TRb 
Pten þ /À mice up to 15 months of age. The Kaplan-Meier cumulative survival analysis was performed using StatView 5.0. Survival rates of TRb
(n ¼ 4-10) and TRb PV/PV Pten þ /À (n ¼ 9-26) mice were dissected and compared in the same age groups. The data are presented as the ratios of thyroid weight to body weight. The difference in the thyroid weight between TRb PV/PV mice with and without deletion of one Pten allele is significant at 5-7 months (Po0.01), as determined by analysis of variance (ANOVA). (C) H&E staining of thyroids and lungs from (a) TRb PTEN deficiency does not affect the pituitary-thyroid axis. Thus, the increased thyroid weight in TRb PV/PV Pten þ /À mice due to PTEN deficiency is not mediated by TSH ( Figure 1B ).
PTEN deficiency further increases AKT activation in the thyroid cancers of TRb
PV/PV mice PTEN protein levels in the thyroid were assessed by western blot analysis using mice at 2-3 and 5-6 months ( Figures 3a and c, respectively) . Dynactin-2 was used as loading controls (Figures 3b and f) . At 2-3 months, PTEN abundance was reduced by B2-to 3-fold in TRb þ / þ Pten þ /À and TRb PV/PV Pten þ /À mice lacking one allele of the Pten gene (compare lanes 3-4 with 1-2, and lanes 8-10 with 5-7; Figure 3a) , indicating PTEN deficiency. Interestingly, at 5-6 months, PTEN protein abundance was further reduced in TRb PV/PV Pten þ /À mice because its levels became barely detectable (lanes 8-10; Figure 3c ), suggesting that focal loss of the remaining wild-type Pten allele might have occurred as tumouri- (Podsypanina et al., 1999) . Pten þ / þ (n ¼ 9-12) mice, and TRb PV/PV Pten þ /À (n ¼ 6-18) mice were determined at the ages indicated, as described in Materials and methods. Figure 3 Reduced abundance of PTEN protein and increased activation of AKT in TRb PV/PV Pten þ /À thyroids. Total protein extracts were prepared from thyroids of TRb
Pten þ /À and thyroid tumours of TRb PV/PV Pten þ / þ and TRb PV/PV Pten þ /À mice aged 2-3 months (a and b) and 5-6 months (c-f). Western blot analyses for PTEN (a and c), phosphorylated AKT (p-AKT) (d), total AKT (e) and dynactin-2 (b and f) as loading controls were carried out as described in Materials and methods. Representative results from two to three mice are shown and the genotypes are marked. The ratios of phosphorylated protein to total protein levels after quantification of the band intensities for each sample are indicated. genesis progressed. To determine whether the decreased abundance of PTEN was accompanied by the overactivation of AKT in the thyroid, we also determined the protein levels of phosphorylated (p-AKT) (Figure 3d ) and total AKT (Figure 3e ). The ratios of p-AKT to total AKT levels indicate that there was an B1.8-fold increase in the ratios of p-AKT to total AKT in TRb þ / þ Pten þ /À thyroids as compared with TRb lanes 3-4 with 1-2) . The ratios of p-AKT to total AKT were increased by B5-to 6-fold in the thyroids of TRb PV/PV mice as compared with wildtype mice (compare lanes 5-7 with 1-2). Remarkably, the ratios of p-AKT to total AKT were increased by B10-to 12-fold in TRb PV/PV Pten þ /À mice as compared with those in wild-type thyroids (compare lanes 8-10 with 1-2). These findings indicate that reduced PTEN protein abundance in the thyroids of TRb
mice resulted in a further activation of AKT.
PTEN deficiency further activates mTOR-p70S6K signalling pathways and represses FOXO3a in TRb PV/PV thyroids That AKT was further activated by PTEN deficiency (Figure 3 ) prompted us to assess whether the AKT downstream effectors were affected. AKT phosphorylates and activates the protein kinase mammalian target of rapamycin (mTOR), which is a convergence node of many signalling pathways, particularly by regulating protein translation and cell growth (Guertin and Sabatini, 2007) . Activated mTOR phosphorylates and activates the protein kinase p70S6K. We therefore evaluated the protein abundance of phosphorylated and total mTOR (Figures 4a and b , respectively) and p70S6K (Figures 4d and e, respectively ). There were no significant differences in the ratios of phosphorylated mTOR to total mTOR protein levels between TRb Figures  4a and b, lanes 1-4) . In contrast, TRb PV/PV thyroids displayed a significant increase in the ratios of phosphorylated to total mTOR as compared with TRb FOXO3a, a member of the forkhead family of transcription factor FOXO, is a direct target of AKT (Greer and Brunet, 2005) . When unphosphorylated, FOXO3a functions as a selective transcription factor in the nucleus, inducing the transcription of pro-apoptotic factors, and repressing the transcription of the cell-cycle promoter cyclin D1 (Ramaswamy et al., 2002; Greer and Brunet, 2005) . Phosphorylation of FOXO3a by AKT results in the translocation of FOXO3a from the nucleus to the cytoplasm, which leads to a decreased transcription of pro-apoptotic genes and an increased transcription of cyclin D1. We therefore determined phosphorylated and total protein levels of FOXO3a, and the ratios of phosphorylated to total protein levels (Figures 4g and h ). No differences in the ratios of phosphorylated to total FOXO3a levels were observed between TRb (Figures 4g and h, compare lanes 1-2 with 3-4) . In contrast, there was a B2-fold increase in the ratio of phosphorylated to total FOXO3a in TRb PV/PV Pten and TRb PV/PV Pten þ /À mice, aged 5-6 months. Western blot analysis was carried out for (a) phosphorylated mTOR (p-mTOR), (b) total mTOR, (c) Dynactin-2, (d) phosphorylated p70S6K (p-p70S6K), (e) total p70S6K, (f) Dynactin-2, (g) phosphorylated FOXO3a (p-FOXO3a), (h) total FOXO3a and (i) Dynactin-2, as described in Materials and methods. The littermates with different genotypes were used in the analysis. Representative results from two to three mice are shown and the genotypes marked. The ratios of phosphorylated protein to total protein levels after quantification of the band intensities for each sample are indicated.
PTEN deficiency increases cell proliferation and cell survival in TRb
PV/PV mice to promote thyroid tumour growth We further examined the expression levels of a key cellcycle regulator, cyclin D1, that is positively regulated by the mTOR-p70S6K signalling and repressed by FOXO3a (Pervin et al., 2001; Ramaswamy et al., 2002) . Similar to our findings earlier (Kato et al., 2006) , cyclin D1 levels were markedly higher in the thyroids of TRb PV/PV mice than in wild types (Figure 5Aa , compare lanes 1-2 with 5-7). Consistent with the increased activation of the mTOR-p70S6K signalling and with the decreased FOXO3a nuclear activity (Figures 4g and h) , we found that cyclin D1 levels were further increased by B2-fold in TRb (Figure 5Aa , compare lanes 5-7 with 8-10). Dynactin-2 was used as the loading control (Figure 5Ab ). In addition to the AKT-FOXO3a pathway, we further examined the AKT-nuclear factor-kB (NF-kB) pathway to ascertain the effect of PTEN deficiency on the changes in apoptosis of thyroid tumour cells. The activation of AKT leads to an increased activity of NF-kB to block apoptosis and mediates tumour cell proliferation (Abdel-Latif et al., 2008; Jiang and Liu, 2008) . Figure 5B shows increased NF-kB protein levels in TRb PV/PV Pten þ /À thyroids (compare lanes 8-10 with 5-7, Figure 5Ba) . Together with the increased phosphorylation of FOXO3a (Figures 4g and h) , the increased NF-kB levels resulted in the inhibition of apoptosis that was evident by the decreased nuclear 
Discussion
The inactivation and silencing of the Pten gene have been implicated in thyroid neoplasia (Di Cristofano et al., 1998; Podsypanina et al., 1999; Uppal et al., 2007; Yeager et al., 2007) . However, despite many correlative data suggesting its deregulation could lead to thyroid cancer, direct in vivo evidence supporting this hypothesis was lacking. The availability of the TRb PV/PV mouse as a model of thyroid cancer presents us with an unusual opportunity to study directly the role of PTEN in thyroid carcinogenesis in vivo. This study shows that PTEN deficiency in TRb PV/PV mice dramatically accelerated and increased the occurrence of thyroid cancer progression and metastatic spread to the lung.
We recently found that the PI3K-AKT signalling pathways are activated in the thyroid tumours of TRb PV/PV mice , and that treatment of TRb PV/PV mice with the potent PI3K inhibitor, LY294002, effectively delays thyroid tumour progression and blocks metastatic spread (Furuya et al., 2007) . In the present study, we found that PTEN deficiency further increased the activation of AKT by an additional B2 to 3-fold in the thyroids of TRb PV/PV mice. This additional AKT activation contributed to greater activation of the mTOR-p70S6K pathway to further increase tumour growth. We also found that PTEN deficiency further reduced the activity of the transcription factor FOXO3a in the thyroids of TRb PV/PV mice. FOXO3a positively regulates the transcription of proapoptotic genes and negatively regulates the transcription of cyclin D1 (Schmidt et al., 2002) . Consistent with these findings, PTEN deficiency resulted in B2-fold increased cyclin D1 expression. Together with an activation of NF-kB, a decrease in apoptotic activity of thyroid cells was detected.
Altogether, our findings indicate that PTEN deficiency further activated AKT and altered AKT-downstream signalling pathways to increase cell proliferation and survival in TRb PV/PV thyroids, thereby accelerating thyroid cancer progression and invasiveness. We cannot exclude, however, that additional mechanisms involving PTEN-dependent but AKT-independent pathways (for review, see Blanco-Aparicio et al., 2007) might have also exacerbated the thyroid cancer in TRb PV/PV Pten þ /À mice. Because TSH is a major stimulator of thyrocyte growth, we compared serum TSH levels between TRb PV/PV mice with or without PTEN deficiency. In spite of marked accelerated thyroid tumour carcino- ;TPO-Cre mice has no effect on the pituitary-thyroid axis, as these mutant mice have normal thyroid function tests (Yeager et al., 2007) . These mutant mice develop follicular adenoma, but no invasive tumours were observed up to 10 months of age. When TSH levels were elevated in these mutant mice, there was minimal effect on the proliferation and growth of thyrocytes of Pten L/L ;TPO-Cre mice. These findings indicate that TSH does not further increase thyrocyte proliferation mediated by the loss of the Pten gene. Thus, elevated TSH has no added synergistic effect on thyrocyte growth mediated by PTEN deficiency either in TRb PV/PV Pten
mice or in Pten L/L ;TPO-Cre mice. However, the findings that PTEN deficiency due to the loss of two alleles of the Pten gene resulted in follicular adenoma with no invasive tumours in Pten L/L ;TPO-Cre mice, but there was an accelerated tumour development in TRb PV/PV Pten þ /À mice (Figure 1 ) suggested that the loss of the Pten gene alone is not sufficient to cause follicular thyroid carcinoma. This notion is consistent with the recent findings by Lu et al. (2007) , in that thyroid cancer is excluded from the detected cancer spectrum in R26-CreER;Pten mice. We have shown earlier that PV physically interacts with the p85a subunit of PI3K and that this physical interaction increases the PI3K activity to activate the downstream AKT-mTOR-p70 s6k signalling . This PV-mediated activation of the PI3K-AKTmTOR-p70 s6k signalling is blocked by the treatment of TRb PV/PV mice with LY294002, a potent and specific PI3K inhibitor, resulting in delaying thyroid tumour progression and prevention of metastatic spread (Furuya et al., 2007) This study shows that PTEN deficiency led to accelerated thyroid cancer development, progression and invasion, thereby identifying Pten as an important tumour suppressor in thyroid carcinogenesis. Importantly, this mouse model offers an opportunity for the development of novel therapeutic targets in the PTEN-PI3K-AKT signalling pathway for the prevention and treatment of thyroid cancer.
Materials and methods
Mouse strains
The care and handling of the animals used in this study were approved by the National Cancer Institute Animal Care and Use Committee. Mice harbouring the TRbPV gene (TRb PV/PV mice) were prepared and genotyped as described earlier (Kaneshige et al., 2000) . Pten þ /À mice were kindly provided by Dr Ramon Parsons (Columbia University, NY, USA; Podsypanina et al., 1999) . TRb PV/PV Pten þ /À mice were prepared by crossing Pten þ /À mice with TRb PV/ þ mice, followed by crossing TRb PV/ þ Pten þ /À with TRb PV/ þ Pten þ / þ mice. Littermates with a similar genetic background were used in all experiments. Mutant mice and wild-type littermates were euthanized to harvest thyroids for weighing, histological analysis and biochemical studies.
Western blot analysis Preparation of whole cell lysates from thyroid glands has been described earlier (Kim et al., 2005) . Thyroids were homogenized on ice in lysis buffer containing 50 mM Tris, 100 mM HCl, 0.1% Triton X-100, 0.2 mM okadaic acid, 100 mM NaF and 2 mM Na 3 VO 4 and a proteinase inhibitor tablet (Complete Mini EDTA-free; Roche, Mannheim, Germany), followed by incubation on ice for 10 min with occasional vortexing. The lysate was centrifuged for 5 min at 20 000 Â g at 4 1C, and the supernatant was collected. The protein concentration for each lysate was determined by the Bradford assay (Pierce Chemical Co., Rockford, IL, USA) using BSA (Pierce Chemical Co.) as the standard. The protein sample (50 mg) was loaded and separated by SDS-polyacrylamide gel electrophoresis. After electrophoresis, the protein was electrotransferred to a polyvinylidene difluoride membrane (Immobilon-P; Millipore Corp., Bedford, MA, USA) as described by Furumoto et al. (2005) . Antibodies were used according to the manufacturer's manuals at a 1:1000 dilution that included phosphorylated AKT (Ser473, no. 9271), AKT (no. 9272), phosphorylated mTOR (Ser2448, no. 2971), total mTOR (no. 2972), phosphorylated p70S6K (Thr421/Ser424, no. 9204), total p70S6K (no. 9202), PTEN (no. 9552), phosphorylated FOXO3a (no. 9466) and total FOXO3a (no. 9467) from Cell Signaling Technologies (Beverly, MA, USA). Cyclin D1 (SC-450, dilution 1:200) and anti-NF-kB antibodies (sc-372, 1:1000 dilution) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Secondary antibodies used were horseradish peroxidase-conjugated goat anti-mouse or antirabbit IgG (Amersham Biosciences, Piscataway, NJ, USA). The loading controls were obtained from the same blot after being stripped with Re-Blot Plus (Chemicon, Temecula, CA, USA) and reprobed with rabbit polyclonal antibodies to dynactin-2 (AB5869P; Millipore, Billerica, MA, USA) or glyceraldehyde-3-phosphate dehydrogenase (no. 2118, 1:1000 dilution; Cell Signaling Technologies).
Histological analysis
Thyroid gland, lung, heart and lymph nodes were dissected and embedded in paraffin. Sections of 5 mm thickness were prepared and stained with haematoxylin and eosin. For each animal, single random sections through the thyroid, through the lung and through the heart were examined. For thyroids, morphological evidence of a single section of hyperplasia, capsular invasion, vascular invasion and anaplasia was routinely counted. Hyperplasia was generally diffused throughout the gland. Evidence of any of these changes in any section was counted as positive for that change. On average, in those cases with capsular invasion and/or vascular invasion, these morphological changes were seen in multiple locations (usually two or three) in any one single thyroid section. The presence of a single microscopic focus of metastatic follicular carcinoma in the lung was counted as positive for metastasis in that animal.
Immunohistochemistry
Histological sections were prepared as described earlier (Ying et al., 2003) . Detection of cleaved caspase-3 (no. 9661; Cell Signaling Technologies) by immunohistochemistry in paraffin sections was carried out as described earlier (Furuya et al., 2007) . Negative controls not including primary antibody were performed for each experiment.
Hormone assays
Total T4 and total T3 were determined by using a Clinical Assay GammaCoat T3 or T4 125 I RIA Kit (DiaSolin, Stillwater, MN, USA), according to the manufacturer's instructions. Serum TSH levels were measured as described earlier (Furumoto et al., 2005) .
Statistical analysis
Statistical analysis was performed with the use of analysis of variance, and Po0.05 was considered significant unless otherwise specified. StatView 5.0 was used to perform the Kaplan-Meier cumulative survival analysis, and Student's t-test using odds ratios and Fisher's exact probability test was used to analyse the data of pathological progression. GraphPad PRISM 4.0a (GraphPad Software, San Diego, CA, USA) was used for log-rank testing for statistical significance.
Abbreviations
AKT, protein kinase B; mTOR, mammalian target of rapamycin; PI3K, phosphatidylinositol 3-kinase; TRb, thyroid hormone receptor b gene; TSH, thyroid-stimulating hormone.
